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Abstract
We show that the recently proposed multi-natural inflation can be realized within the frame-
work of 4D N = 1 supergravity. The inflaton potential mainly consists of two sinusoidal poten-
tials that are comparable in size, but have different periodicity with a possible non-zero relative
phase. For a sub-Planckian decay constant, the multi-natural inflation model is reduced to
axion hilltop inflation. We show that, taking into account the effect of the relative phase, the
spectral index can be increased to give a better fit to the Planck results, with respect to the
hilltop quartic inflation. We also consider a possible UV completion based on a string-inspired
model. Interestingly, the Hubble parameter during inflation is necessarily smaller than the grav-
itino mass, avoiding possible moduli destabilization. Reheating processes as well as non-thermal
leptogenesis are also discussed.
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I. INTRODUCTION
The recent observations of the cosmic microwave background (CMB) by the Planck
satellite [1] showed that ΛCDM cosmology is consistent with the data and fluctuations in
the cosmic microwave background (CMB) can be explained by single-field inflation [2, 3],
which solves the fine-tuning problems in the early universe. The spectral index ns and the
tensor-to-scalar ratio r are tightly constrained by the Planck data combined with other
CMB observations [1]:
ns = 0.9603± 0.0073, (1)
r < 0.11 (95% CL). (2)
The index ns is determined by the shape of the inflaton potential, whereas the ratio r is
done by the energy scale of the potential:1
Hinf ≃ 8.5× 1013 GeV
( r
0.11
)1/2
. (3)
Here, Hinf is the Hubble scale during inflation.
To construct a viable inflation model, the inflaton potential should be under good
control so as not to break the slow-roll condition and to suppress the inflation scale
compared with the the Planck scale. There have been many attempts to accomplish this.
One way is to introduce a certain symmetry which keeps the inflaton potential flat. See
Refs. [5–19] for various chaotic inflation models along this line. In this sense, an axion is
a good candidate for the inflaton due to the approximate shift symmetry
φ→ φ+ const., (4)
which controls its potential structure and suppresses the scale of inflation to be consistent
with observation. Here, φ is an axion. So, it is possible to consider a natural inflation
1 After submission of this paper, the BICEP2 collaboration announced the detection of the primordial
B-mode polarization, which can be explained by r = 0.20+0.07−0.05 [4]. See note added at the end of this
paper.
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model [20, 21] with an axion potential V (φ) given by:
V (φ) = Λ4
[
1− cos
(
φ
f
)]
. (5)
In this model, the shift symmetry is broken non-perturbatively by the dynamical scale
Λ much smaller than the Planck scale. However, the decay constant f is required to be
larger than the Planck scale2, f & 5MPl [1], for the predicted ns and r to be consistent
with the observed values, where MPl ≃ 2.4 × 1018GeV is the reduced Planck mass.3 So,
one might worry about the control of the correction f/MPl after all.
Recently, two of the present authors (MC and FT) proposed an extension of natural in-
flation, called multi-natural inflation [28], in which the inflaton potential mainly consists
of two (or more) sinusoidal functions. Interestingly, multi-natural inflation is versatile
enough to realize both large-field and small-field inflation. In the case of large-field infla-
tion with super-Planckian decay constants, the predicted values of the spectral index as
well as the tensor-to-scalar ratio can be closer to the center values of the Planck results,
with respect to the original natural inflation.
In the case of small-field inflation with sub-Planckian decay constants, we arrange those
sinusoidal functions so that they conspire to make the inflaton potential sufficiently flat
for slow-roll inflation. In a certain limit, this axion hilltop inflation is equivalent to hilltop
quartic inflation [3]. The hilltop quartic inflation has been studied extensively so far, and
it is known that, for the e-folding number Ne ≃ 50, its predicted spectral index tends to
be too low to explain the Planck results [1]. There are various proposals for resolving this
tension in the literature.
The purpose of this paper is twofold. First, we will show that the predicted spectral
index for the axion hilltop inflation can be increased with respect to the hilltop quartic
inflation case by including a relative phase between two sinusoidal functions. This gives
a better fit to the Planck data. Second, we consider a UV completion of multi-natural
2 See [22] for realizing a large decay constant effectively, [23, 24] for other ways to relax the bound on
the decay constant, and [13, 14, 25–27] for other models with axion(s).
3 Hereafter, we take the Planck unit of MPl = 1 for a simplicity, unless otherwise stated.
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inflation within supergravity(SUGRA)/string theory. This is because a viable inflation
model can be easily realized for large decay constants close to the GUT or Planck scale,
and because the string theory offers many axions through compactifications [29–31], some
of which could play an important role in inflation. Also, non-perturbative dynamics which
explicitly break the axionic shift symmetry can be studied rigorously in a supersymmetric
(SUSY) framework.
The rest of this paper is organized as follows. In Sec.II we build an axion hilltop
inflation model with one axion multiplet in the context of SUGRA, taking into account
SUSY breaking effects. In Sec.III, we consider a UV completion of multi-natural inflation
in the string-inspired model, which is reduced to the model analyzed in Sec.II in the low
energy effective theory. The last section is devoted to discussion and conclusions.
II. MULTI-NATURAL INFLATION IN SUGRA
A. Setup
Let us consider a supergravity realization of multi-natural inflation in which an axion
plays the role of the inflaton [28]. To this end, we introduce the following Ka¨hler and
super-potentials with an axion chiral superfield Φ,
K = K(Φ + Φ†), (6)
W = W0 + Ae
−aΦ +Be−bΦ, (7)
where a > 0, b > 0 and a 6= b.4 In the following we assume |a4A| < |b4B| without loss of
generality. The scalar potential is given by
V = eK [Kij¯(DiW )(DjW )− 3|W |2], (8)
with DiW = (∂iK)W + ∂iW . For convenience we write the scalar component of Φ as
Φ = σ + iϕ, (9)
4 The case of the irrational ratio of a/b was considered in Ref. [32]. The following discussion holds even
in this case.
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where σ and ϕ are the saxion and the axion, respectively. Note that the Ka¨hler potential
respects the axionic shift symmetry,
ϕ→ ϕ+ const, (10)
which is explicitly broken by the two exponentials in the superpotential. We assume that
the breaking of the shift symmetry is so weak that the axion mass is hierarchically smaller
than the saxion mass. As we shall see shortly, this is the case if
|A|, |B| ≪ |W0| < 1. (11)
The saxion is then decoupled from the inflaton dynamics. The softly broken shift symme-
try is one of the essential ingredients for multi-natural inflation, and such a small breaking
naturally arises from non-perturbative effects at low-energy scales5. On the other hand,
if the saxion mass were comparable to the axion, one would have to follow the multi-field
dynamics during inflation. Although the analysis becomes rather involved, it is possible
to realize successful inflation as is the case with racetrack inflation [27].
B. Saxion stabilization
First we study the saxion stabilization in the above setup. For simplicity and concrete-
ness we consider the following Ka¨hler potential to stabilize the saxion:
K =
f 2
2
(Φ + Φ†)2 (12)
with f . 1. We will see in the next section that the Ka¨hler potential of this form is indeed
obtained in the low energy effective theory of a more realistic string-inspired model.
The kinetic term for the saxion and the axion is given by
Lkin = KΦΦ¯∂Φ†∂Φ = f 2(∂σ)2 + f 2(∂ϕ)2. (13)
5 Such softly broken shift symmetries and the associated light axions may play an important cosmological
role in a different context. For instance, the axion with mass 7 keV [33] can explain the recently observed
X-ray line at about 3.5 keV [34, 35].
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For the moment let us focus on the saxion stabilization by setting A = B = 0. Then the
saxion potential has a Z2 symmetry, σ → −σ, and therefore the saxion potential has an
extremum at the origin σ = 0. In fact, the origin can be the potential minimum as shown
below.
The saxion potential is approximately given by
V = e2f
2σ2
(
4f 2σ2 − 3
)
|W0|2 +∆V (14)
≃ 2f 2|W0|2σ2 + · · · , (15)
where we have expanded the potential around the origin in the second equality, and we
have added a sequestered uplifting potential ∆V to cancel the cosmological constant6,
∆V = 3e2K/3|W0|2 ≃
(
3 + 4f 2σ2 + · · ·
)
|W0|2. (16)
Thus, the saxion is stabilized at the origin with mass mσ ≃
√
2|W0|. Note that the saxion
is stabilized by the SUSY-breaking effect through the equation
∂ΦK = 0. (17)
The saxion can be similarly stabilized for a more general Ka¨hler potential; see Refs. [41–
43] for detailed discussions on the saxion stabilization. In general, the saxion mass is
considered to be of order the gravitino mass.
The axion mass is protected by a shift symmetry. For a sufficiently small breaking of
the shift symmetry, therefore, the axion acquires a mass much smaller than the saxion
mass, while the saxion stabilization studied above remains almost intact. See Fig.1 for
the saxion potential in the presence of small explicit breaking of the shift symmetry, with
and without the uplifting potential. We can see that the saxion is stabilized near the
6 For instance, one can consider K = −3 log
[
e−K(Φ+Φ
†)/3 − {XX† − (XX†)2/Λ2}/3
]
and W =
W0 +
√
3W0X + W (Φ) to break the SUSY and to obtain a small cosmological constant. In this
model the vacuum and the mass are given by 〈X〉 ∼ Λ2 ≪ 1 and m3/2/Λ ≫ m3/2 [36]. Then,
∆V = eK |DXW |2KXX¯ = 3|W0|2e2K(Φ+Φ†)/3. The SUSY breaking fields can be integrated out during
inflation as long as its mass is heavier than or comparable to the gravitino mass. See [37–40] for related
topics.
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FIG. 1: The saxion potential for A = 2.3 × 10−12, B = A/4, a = 2pi/10, b = 2pi/5, f = 0.1
and W0 = 10
−4. We have set ϕ = 0. The dashed (blue) line shows the saxion potential without
the uplifting potential; the saxion is stabilized at σ ∼ ±5, where the vacuum energy 3|W0|2 is
added for visualization purpose. The saxion can be stabilized near the origin if the sequestered
uplifting potential ∆V is added, as shown by the solid (red) line.
origin, when the sequestered up-lifting potential is added. The saxion vacuum is located
near the origin as long as the parameters satisfy the relation
|A|
|W0|f 2 ∼
|B|
|W0|f 2 . 10
−2, (18)
i.e., the axion mass is much lighter than that of the saxion by a factor of ten.
We shall see that the Hubble parameter during inflation is necessarily smaller than the
gravitino mass as long as (11) is met. Then the saxion stabilization is hardly affected by
inflation, and we can integrate out the saxion during inflation. This makes the inflation
dynamics extremely simple: the inflationary epoch is described by single-field inflation
driven by the axion.
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C. Axion hilltop inflation
Let us study the axion potential. Using U(1)R symmetry and an appropriate shift of
ϕ, we can set W0 and A real and positive, while B is complex in general. To take account
of this complex phase, we replace B with Be−iθ, where B is a real and positive constant,
and θ represents the relative phase between the two exponentials. Using 〈σ〉 ≃ 0, the
axion potential can be approximately written as
Vaxion(φ) ≃ 6AW0
[
1− cos
(
φ
f1
)]
+ 6BW0
[
1− cos
(
φ
f2
+ θ
)]
−2AB
(
2
f1f2
− 3
)[
1− cos
[(
1
f1
− 1
f2
)
φ− θ
]]
+ const, (19)
where φ ≡ √2fϕ is the canonically normalized axion field, and we have defined
f1 ≡
√
2f
a
, f2 ≡
√
2f
b
, (20)
with f1 6= f2. We have added the vacuum energy from SUSY breaking to obtain the
Minkowski spacetime in the true vacuum and the last constant term in Eq. (19) depends
on θ; it vanishes for θ = 0.
We impose relation (11) to realize a hierarchy between the saxion mass and the axion
mass. Then, the third term in Eq. (19) becomes irrelevant7 and the first two terms are
equivalent to the inflaton potential for the multi-natural inflation discussed in Ref. [28]. A
successful multi-natural inflation requires the two sinusoidal functions to have comparable
magnitude and periodicity, i.e.,
A ∼ B ≪ W0, (21)
f1 ∼ f2. (22)
The inflation scale is roughly given by Hinf ∼ (AW0)1/2 ≪ W0, and so, the saxion mass
is generically heavier than the Hubble parameter during inflation, which justifies our
7 In the presence of two axion fields, the third term can be responsible for natural inflation with an
effective super-Planckian decay constant [22].
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assumption. Also, the upper bound on the tensor mode (3) places the following condition,
AW0 . 10
−10, (23)
for f1 ∼ f2 . O(1).
The inflaton potential must have a flat plateau in order to realize successful inflation
with sub-Planckian decay constants. In the following we show that, in a certain limit,
the axion potential is reduced to the hilltop quartic inflation model. For the moment we
focus on the first two terms in Eq. (19). In the numerical calculations we will include all
the terms.
Requiring that the first, second and third derivatives of Vaxion vanish and the fourth
derivative of Vaxion is negative at φ = φmax, we obtain the following conditions among the
parameters:
sin
(
φmax
f1
)
= sin
(
φmax
f2
+ θ
)
= 0, (24)
− cos
(
φmax
f1
)
= cos
(
φmax
f2
+ θ
)
= 1, (25)
A
f 21
=
B
f 22
, (26)
where we have used our assumption a4A < b4B, i.e., A/f 41 < B/f
4
2 , to fix the sign of the
cosine functions. Note that A > B as well as f1 > f2 must be satisfied to meet the above
conditions. We choose the following solutions without loss of generality,
φmax = πf1, (27)
θ = −πf1
f2
(mod 2π) (28)
The inflaton potential becomes simple for a particular choice of f1 = 2f2 (i.e. A = 4B),
as the relative phase θ vanishes.
Expanding the inflaton potential around φmax, we obtain
Vaxion(φˆ) ≃ V0 − λφˆ4 + · · · (29)
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FIG. 2: The scalar potential for the saxion and the axion (left) and the axion potential at the
section of 〈σ〉 = 0 (right). In the left panel, we show the logarithm of the scalar potential for
the visualization purpose. We use the same model parameters as in Fig. 1. For comparison, the
case with B = 0 is also shown by the dashed (blue) line in the right panel.
with
V0 = O(AW0), (30)
λ =
W0
4
(
B
f 42
− A
f 41
)
, (31)
where we have defined φˆ ≡ φ − πf1, the constant term V0 is fixed so that the potential
vanishes at the minimum, and the dots represent the higher order terms. Therefore, for
the parameters satisfying (26), (27), and (28), the axion potential is equivalent to the
hilltop quartic inflation. In Fig. 2 we show the scalar potential for the saxion and the
axion and its section along 〈σ〉 = 0. We can see that the saxion is stabilized during
inflation and that the axion potential is given by a flat-top potential.
For sub-Planckian decay constants, the quartic coupling λ is fixed by the Planck nor-
malization on the curvature perturbation as
λPlanck ≃ 6.5× 10−14
(
Ne
50
)−3
, (32)
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where Ne is the e-folding number. For instance, the Planck normalization is satisfied if
AW0 ≃ 8.7× 10−14 f 41
(
Ne
50
)−3
, (33)
for f1 = 2f2 (i.e. θ = 0 and A = 4B). For this choice of the parameters, the axion mass
at the potential minimum is given by
mφ ≃ 2
√
3AW0
f1
≃ 2.5× 1011GeV
(
Ne
50
)− 3
2
(
f1
0.1
)
. (34)
Assuming the axion coupling with the standard model (SM) gauge bosons L ⊃
c(φ/f1)FµνF˜
µν , the decay rate is given by
Γ(φ→ AµAµ) = Ng
c2m3φ
4πf 21
, (35)
where Ng = 8+3+1 counts the number of SM gauge bosons. The reheating temperature
after the inflation is then estimated as
TR ≡
(
π2g∗
90
)− 1
4 √
Γ ≃ 4× 108 c
(
Ne
50
)− 9
4
(
f1
0.1
) 1
2
GeV, (36)
where g∗ counts the relativistic degrees of freedom in plasma and we have substituted
g∗ = 106.75 in the second equality.
So far we have adopted the special case of f1 = 2f2. The typical scales of the inflaton
mass and the reheating temperature are similar for other choices. Here let us take another
case. If the two decay constants are very close to each other, i.e., (f1 − f2)/f2 ≪ 1, we
can approximate the inflaton potential by keeping the leading order term in (f1− f2)/f2:
Vaxion(φ) ≃ 6AW0
(
f1 − f2
f2
)(
v0 − 2 cos φ
f1
+
(
π − φ
f1
)
sin
φ
f1
)
+ · · · , (37)
where the dots represent higher order terms of O((f1 − f2)2/f 22 ), v0 ≈ 4.8206, and the
potential maximum and minimum are located at φmax/f1 = π and φmin/f1 ≈ −1.3518,
respectively. This approximation is valid only for |φ/f1| ≪ f2f1−f2 . The potential height
V0, the quartic coupling λ, and the inflaton mass at the minimum are approximately given
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by
V0 ≈ 40.9AW0
(
f1 − f2
f2
)
, (38)
λ ≈ AW0
2f 41
(
f1 − f2
f2
)
, (39)
mφ ≈ 5.13
√
AW0
f1
√
f1 − f2
f2
≃ 7.3
√
λf1. (40)
We can see that the inflaton mass is of similar order to Eq. (34). As the Planck normal-
ization fixes λ, AW0 scales as f2/(f1 − f2), while the inflaton potential shape itself is not
significantly changed even when f1 ≈ f2. Indeed, using the Planck-normalized quartic
coupling, we can rewrite the inflaton potential as
Vaxion(φ) ≃ 12λPlanck f 41
(
v0 − 2 cos φ
f1
+
(
π − φ
f1
)
sin
φ
f1
)
, (41)
in the limit of f1 ≈ f2. The inflaton potential is shown in Fig. 3. Note that there
are many other potential minima and maxima; the inflation takes place near the hilltop
around φ/f1 . π.
The spectral index for hilltop quartic inflation is predicted to be
ns ≃ 1− 3
Ne
= 0.94− 0.95, (42)
for Ne = 50 − 60. As is well known, the predicted spectral index tends to be too low
to fit the Planck result (1). In the context of new inflation in supergravity [44, 45], the
resolution of the tension was discussed in detail in the literature, and it is known that the
prediction of ns can be increased to be consistent with the Planck data either by adding
a logarithmic correction [46, 47] or a linear term [48], or by considering higher powers of
the inflaton coupling [49]. As we shall see below, in the axion hilltop inflation, we can
easily increase the spectral index by varying the relative phase θ around (28).
Let us study the axion potential by varying the parameters around the solutions (26),
(27), and (28). Expanding the potential in terms of φˆ = φ− πf1, we obtain
Vaxion(φˆ) = V0 +
6BW0 sinΘ
f2
φˆ− 3W0
(
A
f 21
− B
f 22
cosΘ
)
φˆ2 − BW0 sin Θ
f 32
φˆ3
−1
4
W0
(
B
f 42
cosΘ− A
f 41
)
φˆ4 + · · · , (43)
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FIG. 3: The scalar potential for the saxion and the axion (left) and the axion potential at the
section of 〈σ〉 = 0 (right) similarly to Fig.2. We use A = 4.0 × 10−11, B = (6/7)2A, a =
pi/7, b = pi/6, f = 0.1, W0 = 10
−4 and θ = −7pi/6. The case with B = 0 is also shown by the
dashed (blue) line in the right panel, where the minima are chosen to coincide for visualization
purposes.
where we have defined Θ ≡ θ+ πf1/f2. It is the linear term in φˆ that affects the inflaton
dynamics significantly. As pointed out in Ref. [48], if there is a small linear term in the
hilltop quartic inflation model, the inflaton field value at the horizon exit of cosmological
scales can be closer to the hilltop, making the curvature of the potential smaller and
therefore increasing the spectral index.
We have numerically solved the inflaton dynamics based on the potential given by
Eq. (19) to evaluate the predicted values of ns and r. To be concrete, we have varied the
model parameters B/A and θ around the solutions (26), (27), and (28) with f1 = 0.5 and
f2 = 0.45. The results are shown in Fig. 4. Note that the Planck normalization can be
satisfied by varying W0 for fixed A/W0 and B/W0 without affecting the predicted values
of ns and r. From Fig. 4 we can see that the spectral index can be increased to fit the
2σ limit of the Planck data shown by the shaded (green) region. We have also confirmed
that the spectral index can be similarly increased to give a good fit to the Planck data
13
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FIG. 4: Plots of ns (left) and r (right) for varying values of B and θ for fixed decay constants
f1 = 0.5 and f2 = 0.45, which corresponds to the case of f1 ≈ f2 studied in the text. The green
shaded region corresponds to the 2σ allowed region for ns from the Planck data.
for different values of f1 and f2, e.g. f1 = 2f2. In general, for smaller values of the decay
constants, the deviation from the solution (28) must be smaller. On the other hand, as
expected, the tensor-to-scalar ratio r is well below the upper bound from the Planck data
(r < 0.11). For a larger value of the decay constant, e.g. f = 1 (f1 ≈ 2.25) r can be as
large as ∼ 10−3 in the allowed region of ns.
Fig. 5 also shows the behavior of ns and r as a function of f1 with the same parameters
as in Fig. 2. The behavior is similar to a hilltop quartic model as discussed in Ref. [28]
for θ = 0, but the spectral index can be increased by allowing a non-zero relative phase.
III. UV COMPLETION BASED ON STRING-INSPIRED MODEL
A. Set-up
We now provide a further UV completion of the effective SUGRA model given in the
previous section, based on the string-inspired model. Let us consider a model with three
14
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FIG. 5: Plots of ns (left) and r (right) as a function of f/Mp. In the left figure, Θ ≡ θ+pif1/f2.
In the right figure, there was no significant difference in the behavior of r for the two values of
Θ, hence we chose Θ = −4.1× 10−5. Solid (dotted) lines correspond to Ne = 60 (Ne = 50).
Ka¨hler moduli on a Calabi-Yau space with the following Ka¨hler and super-potentials 8
K = −2 log(t3/20 − t3/21 − t3/22 ); ti = (Ti + T †i ) for i = 0, 1, 2, (44)
W = W0 − Ce− 2piN T0 −De− 2piM (T1+T2) + Ae−
2pi
n1
T2 +Be
− 2pi
n2
T2 , (45)
where Ti are complex Ka¨hler moduli, and W0, A, B, C and D are determined by the
vacuum expectation values (VEVs) of heavy dilaton/complex structure stabilized via
three-form flux compactification [29, 52]. (See [53] for realization of a small W0.) The
exponential terms in the superpotential are assumed to be generated by gaugino conden-
sations in a pure SU(N)× SU(M)× SU(n1)× SU(n2) gauge theory. Those gauge fields
are living on the D-branes wrapping on the divisors whose volume is determined by the
real part of the moduli, T0, T1+T2, T2 and T2 respectively. In other words, (at least some
8 A similar UV completion may be possible in a LARGE volume scenario [50] with string-loop correc-
tions and non-perturbative superpotentials, if a (moderately) big cycle allows a gauge coupling which
generates the axion mass through non-perturbative effects. A large mass hierarchy between the saxion
and the axion can then be realized: the saxion mass is suppressed by the power of the Calabi-Yau
volume while the axion mass is exponentially suppressed by the volume [51].
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part of) the gauge coupling of each gauge group is given by the corresponding moduli.
We define T ≡ T1 + T2 and Φ ≡ −T1 + T2, and express the lowest component of Φ as
Φ = σ + iφ for later use.
Using the U(1)R symmetry and an appropriate shift of the imaginary components of
the moduli fields, we can takeW0, A, C, and D real and positive without loss of generality.
We will include a relative phase in B by replacing it with Be−iθ where B is a real and
positive constant. We assume that those parameters satisfy
A,B,C,D = O(1), W0 ≪ 1. (46)
We also assume that N, M, n1 and n2 are integers satisfying
9
n1 ∼ n2 and n1 6= n2 (47)
2n1 < M . N. (48)
The mild hierarchy between (M,N) and (n1, n2) implies that T0 and T = T1 + T2 are
stabilized in a supersymmetric manner by the first two exponentials. On the other hand
Φ = −T1 + T2 remains relatively light, and this combination becomes the axion super-
multiplet in the previous section. We shall see that, while σ = Re[Φ] can be stabilized by
the SUSY breaking effect through the Ka¨hler potential, the axion, φ = Im[Φ], acquires
an even lighter mass by the last two exponentials. In order to have successful inflation
with sub-Planckian decay constants, the resultant two exponentials expressed in terms of
Φ must be comparable in size. This is possible for A ∼ B, if n1 is close to n2 within 10%
or so.10
9 We shall see that the axion hilltop inflation with f1 ≈ f2 is realized for this choice of the parameters.
The other cases such as f1 = 2f2 can also be realized if there is a hierarchy between A and B. See
Appendix A.
10 Precisely speaking, this is the case if |n2 − n1| . n1n2/pi 〈T 〉. If n1 is not close to n2, some hierarchy
between A and B is necessary.
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B. Heavy moduli stabilization
We first study the stabilization of the heavy moduli, T0, T and σ. For A = B = 0, the
model is reduced to the string-theoretic QCD axion model considered in Ref. [42]; there
exists a Minkowski vacuum where, while the other moduli are stabilized, Im[Φ] remains
(almost) massless and eventually becomes the QCD axion. Because of the assumed mild
hierarchy between (M,N) and (n1, n2), our model is similar to this model as long as the
heavy moduli stabilization is concerned.
The scalar potential of the moduli and the sequestered SUSY-breaking up-lifting po-
tential Vup are given by
V = Vmoduli + Vup, where Vup = ǫˆ e
2K/3; ǫˆ = O(W 20 ), (49)
where Vmoduli is given by Eq. (8) with the above Ka¨hler and super-potentials, and ǫˆ is
fixed so that a (nearly) Minkowski vacuum is realized in the low energy. The moduli
stabilization is determined by the conditions for extremizing the potential V , DT0W ≃
DTW ≃ ∂ΦK ≃ 0:
2π
N
T0 ≃ 2π
M
T ≃ log
[
log(1/W0)/W0
]
≫ 1, Re[Φ] = 0. (50)
The VEVs of these moduli fields fix the volume of the Calabi-Yau space V as well as the
gravitino mass as
V = t3/20 −
t3/2√
2
, (51)
m3/2 = W0/V, (52)
where t = T + T †. The moduli masses are given by
mT0 ≃ mT ≃ log(MPl/m3/2)m3/2, (53)
mσ ≃
√
2m3/2, (54)
where we used a fact that the up-lifting potential after integrating out T0 and T is ap-
proximately given by
VupL ≈ 3m23/2 + f 2m23/2(Φ + Φ†)2 + · · · . (55)
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See Appendix B for the higher order terms in VupL. Note that the axion φ remains massless
in this case, which should be contrasted to the original KKLT [37]. The SUSY-breaking
F -terms of the moduli fields are given by
F Ti
Ti + Ti
∼ m3/2
log(MPl/m3/2)
∼ msoft . m3/2, (56)
and, therefore, all the SUSY particles generically acquire a soft SUSY breaking slightly
lighter than the gravitino mass through the modulus mediation. The anomaly mediation
also gives a comparable contribution to the soft mass. Although the mass of the SUSY
SM particles are relevant for the observed SM-like Higgs boson mass, they are irrelevant
for the inflaton dynamics during inflation.
For A, B 6= 0, the axion can have a non-zero mass much smaller than the gravitino
mass 11, while the stabilization of the heavy moduli is not changed drastically. This is
because, as long as (48) is satisfied, the last two exponential terms in the superpotential
(45) are much smaller than the others: Ae
− 2pi
n1
〈T2〉 ∼W
M
2n1
0 ≪W0(≪ 1).
C. Axion inflation in low energy effective theory
In this subsection, we focus on the lightest axion multiplet Φ at scales below the heavy
moduli masses. We discuss multi-natural inflation within the low energy effective theory
of this string-inspired model, using the results obtained in the previous section.
After integrating out the heavy moduli T0 and T , we obtain the low energy effective
theory for Φ,
KL ≈ f
2
2
(Φ + Φ†)2 + · · · , (57)
WL ≈ W0 + Aˆe−
pi
n1
Φ
+ Bˆe
− pi
n2
Φ−iθ
. (58)
The higher order terms in KL are given in Appendix B. Here, we have defined
f 2 ≡ 3
2
√
2
√
tV . 1, Aˆ ≡ Ae
− pi
n1
〈T 〉
, Bˆ ≡ Be− pin2 〈T 〉. (59)
11 In order to implement the QCD axion, one would need to introduce another moduli field. Alternatively,
the QCD axion may originate from an open string mode.
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A natural value of f is considered to be of order 0.1 since it is on the order of the string
scale.
The above Ka¨hler and super potentials are equivalent to (7) and (12) studied in the
previous section, and successful axion inflation is possible for a certain choice of the
parameters. The parameters are related as
a =
π
n1
, b =
π
n2
(60)
f1 = n1fa, f2 = n2fa, (61)
where we have defined fa ≡
√
2f/π.
Note that the prefactors of the exponentials, Aˆ and Bˆ, are comparable to each other,
and much smaller than W0,
Aˆ ∼ Bˆ ∼ WM/2n10 ≪W0(≪ 1). (62)
As we have seen before, this hierarchy is one of the essential ingredients for multi-natural
inflation. Indeed, the ratio of the axion mass to the saxion mass is much smaller than
unity;
m2φ
m2σ
∼ AˆW0
W 20
∼W
M
2n1
−1
0 ≪ 10−2 for M > 2n1, (63)
and therefore the saxion remains stabilized near the origin, 〈σ〉 ≃ 0.
In order to have axion hilltop inflation, the model parameters must satisfy the relations
(26), (27), and (28) to a high accuracy. In particular, the condition (26) reads
Aˆ ≈
(
n1
n2
)2
Bˆ, (64)
which implies that the gaugino condensation from SU(n1) should be comparable to that
from SU(n2) in size. In terms of the gauge couplings at the cut-off scale, this condition
can be expressed as
g22
g21
∼ n1
n2
[
1 +
n2g
2
2
8π2
log
(
n2
n1
)]
, (65)
where gi (i = 1, 2) is the gauge coupling in SU(ni) gauge group at the cut-off scale
and we have used the fact that Aˆ and Bˆ are proportional to n1 and n2, respectively:
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WSU(ni) = niΛ
3
SU(ni)
= nie
−8π2/nig2i , where the θ-term is omitted. Thus, successful axion
hilltop inflation requires a certain relation between the rank of the gauge groups and the
value of the gauge couplings of a gauge theory where gaugino condensations form in the
low energy. This is equivalent to the relation between the world volume of the relevant
D-branes and the number of such branes in string theory. For further discussions on the
magnitude of A and B, see Appendix A.
Lastly let us express the inflaton mass and the Hubble parameter during inflation in
terms of the gravitino mass. To this end we consider the case where n1 is not degenerate
with n2.
12 The axion mass at the potential minimum, the potential height and the
inflation scale are estimated as
m2φ ∼
AˆW0
n21f
2
a
∼ m23/2
(
m3/2
n1fa
)2(m3/2
MPl
) M
2n1
−3[
1
log(MPl/m3/2)
] M
2n1
, (66)
V0 ∼ AˆW0 ∼ m43/2
(
m3/2
MPl
) M
2n1
−3[
1
log(MPl/m3/2)
] M
2n1
, (67)
Hinf ∼
√
V0
MPl
∼ m3/2
(
m3/2
MPl
)M−2n1
4n1
[
1
log(MPl/m3/2)
] M
4n1
(68)
for M > 2n1. For instance, mφ ≃ 1011GeV is obtained for m3/2 ≃ 1014GeV, fa ≃ 1017
GeV, n1 = 6 and M = 24. The last equation implies that the Hubble parameter during
inflation is necessarily smaller than the gravitino mass,
Hinf < m3/2, (69)
which enables us to avoid the moduli destabilization [54]. This is because the flatness
of the inflaton potential is not due to SUSY, but (mostly) due to both the axionic shift
symmetry and the dynamical origin of the potential.
12 When n1 is close to n2, the factor proportional to (n1−n2)/n2 should be included as discussed in the
previous section.
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D. Reheating and leptogenesis
In order to have successful inflation, the inflaton must transfer its energy to the SM
particles. Also, as any pre-existing baryon asymmetry is diluted by the inflationary ex-
pansion, the right amount of baryon asymmetry must be created after inflation. Here we
study reheating and the baryon number generation through leptogenesis [55].
As for reheating, the axion will decay into the SM gauge bosons through its couplings
to the SM gauge fields,
LSM = 1
16π
∫
d2θT2WαSMWαSM + h.c. ⊃
1
32π
∫
d2θΦWαSMWαSM + h.c. (70)
Γφg ≡ Γ(φ→ 2Aµ) ≃
Ng
32πt2
mφ
3
f 2
≃ Ngg
4
SM
4096π5
m3φ
f 2a
, (71)
where t ≃ 16π/g2SM. We have assumed that the SM is living on the D-brane wrapping on
T2-cycle. Thus, the reheating temperature is given by
T gR ≃
(
π2g∗(TR)
90
)−1/4√
ΓφgMPl ≃ 4× 105 GeV
(
mφ
1011GeV
)3/2(
fa
1017GeV
)−1
, (72)
if this is the main decay mode.13 Here we have used Ng = 12 and g
2
SM/4π = 1/25 and
g∗(TR) = 106.75.
Next, let us consider the origin of the baryon asymmetry. Among various baryogenesis
scenarios, leptogenesis is a plausible and interesting possibility in the light of the observed
neutrino masses and mixings. We focus on non-thermal leptogenesis [58, 59], because it
can generate a sufficient amount of baryon asymmetry with a relatively low reheating
temperature.
The right-handed neutrino νc can be produced by the axion decays via the coupling
below
W = Cνce
− 2pi
n1
T2νcνc, (73)
13 The axion cannot decay into the SM gauginos since their mass is heavier than the axion mass. Even if
it is possible, the estimation will not be changed drastically as studied in [56]; the R-parity may have
to be violated to avoid the overabundance of dark matter. The moduli-induced baryogenesis [57] may
work in this case.
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in which Cνc is a constant. Note that the mass of the neutrinos is given by
mνc ≃ 2CνcMPl
[
m3/2/MPl
log(MPl/m3/2)
] M
2n1
, (74)
while mφ ∼ W (M+2n1)/4n10 /f ; mνc/mφ ∼ W
(M−2n1)
4n1
0 f < 1. For instance, one obtains
mνc ≃ 1010 GeV when taking W0 = 10−4, M = 24, n1 = 6 and Cνc = 30. Such a
term is generated when the right-handed neutrino is coupled to the gauge field of SU(n1):∫
d2θνcνc[WαWα]SU(n1). (A similar origin is also discussed in the literatures [60–62].) The
decay fraction is given by
Γφνc ≡ Γ(φ→ 2νc) ≃
1
16π
(
mνc
n1fa
)2
mφ. (75)
The reheating will proceed mainly via the decay into the neutrinos if
mνc
mφ
& 10−2. (76)
The reheating temperature is then estimated as
T ν
c
R ≃ 1× 107GeV
( mφ
1011 GeV
)1/2 ( mνc
1010 GeV
)( n1fa
1017 GeV
)−1
. (77)
Using the reheating temperature TR ≃
√
(Γφνc + Γ
φ
g )MPl, the net baryon asymmetry is
written as
nB
s
≃ 28
78
· ǫ · 3
2
TR
mφ
Bφνc , (78)
with
ǫ ≃ 3
16π
mν3mνc
v2
δeff , (79)
where Bφνc is the decay fraction into the right-handed neutrino, mν3 is the heaviest neutrino
mass, v ≃ 174 GeV is the Higgs VEV, and δeff is an effective CP-phase in the neutrino
Yukawa couplings. Here we have assumed the SM contribution for the sphaleron process
and assumed that the axion decays mainly into lightest right-handed neutrino. Then, we
can generate a right amount of the baryon asymmetry,
nB
s
≃ 5.4× 10−11δeff
(
TR/mφ
10−4
)( mν3
0.05eV
)( mνc
1010 GeV
)(Bφνc
1
)
. (80)
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FIG. 6: Plots for the baryon asymmetry and the Planck normalization in the (M,m3/2)-plane.
The green shaded region shows 0.5 × 10−10 ≤ nB/s ≤ 1.5 × 10−10. The blue line shows the
Planck normalization corresponding to λPlanck = 3.7 × 10−14 for Ne ≃ 60. In the red shaded
region, the saxion vacuum deviates from the origin. We used n1 = 7, n2 = 6, fa = 2.3 × 1017
GeV and Cνc = 8; f1 = 7fa and f2 = 6fa. Then mφ ≃ 9.6×1011 GeV is obtained, using Eq.(40).
We find also m3/2 ∼ 1013 GeV, mνc ∼ 1011 GeV and TR ∼ 107 GeV in the viable region, where
we can obtain the correct curvature perturbation and baryon asymmetry.
Thus, if the axion decays mainly into the lightest right-handed neutrinos, non-thermal
leptogenesis works successfully. In Fig.6, the plots for the baryon asymmetry are shown
with δeff = 1, using the relation between the mass scales and the gravitino mass of Eq.(66)
and (74). In the successful case, we can obtain m3/2 ∼ 1013 GeV, mνc ∼ 1011 GeV and
TR ∼ 107 GeV.
No dark matter candidate has been considered in the setup so far. As the inflation
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scale is lower than the typical scale of the soft SUSY breaking mass, no SUSY particles
are produced during and after reheating. Therefore, the QCD axion or light axion-like
particles, light sterile neutrinos, hidden photons, etc., or their combination, are candidates
for dark matter.
Finally, we give a comment on the SM-like Higgs boson mass. In this model, the soft
SUSY-breaking terms will be on the order of the gravitino mass or slightly smaller [38].
For msoft ∼ m3/2/ log(MPl/m3/2) ∼ 1012 GeV in the viable region for inflation, the Higgs
mass becomes ∼ 126 GeV for tanβ ∼ 1 [63]. The small value of tanβ can be realized in
the presence of a shift symmetry or an exchange symmetry in the Higgs sector [64–66].
IV. DISCUSSION AND CONCLUSIONS
We have studied multi-natural inflation [28] in SUGRA for a UV completion. In
this model the inflaton potential mainly consists of two sinusoidal functions that are
comparable in size, but have different periodicity. For sub-Planckian values of the decay
constants, this model is reduced to the hilltop quartic inflation in a certain limit. It is
known however that the predicted spectral index, ns ≃ 0.94, for the e-folding number
Ne ≃ 50 tends to be too low to explain the Placnk results. We have shown that, allowing
a relative phase between the two sinusoidal functions, the spectral index can be increased
to give a better fit to the Planck data based on the axion hilltop inflation in SUGRA.
We have also considered a further UV completion based on a string-inspired framework,
and have shown that the axion hilltop inflation model can be indeed obtained in the low
energy limit.
The axion hilltop inflation requires a rather flat potential near the (local) potential
maximum. For realizing the flat-top potential, there should exist a relation between the
ratio of the decay constants and the dynamical scale: (f1/f2)
2 ≈ A/B. This in turn
implies that in string theory there should be a relation between the world volume of
D-branes where the non-perturbative effects occur and the number of such branes.
It is also noted that because we have used supergravity, the gravitino mass is related
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to physical quantities. For successful inflation, the typical scale of the gravitno mass
is m3/2 ∼ 1013GeV, whereas the soft mass is about one order of magnitude smaller,
msoft = 10
12GeV, while the inflaton mass is mφ ∼ 1011GeV. Thus, the SUSY particles
are not produced in the Universe after reheating. The dark matter candidates can be
considered such as the QCD axion, axion-like particles, or sterile neutrinos, if they exist.
In particular, a light dark matter is interesting in light of its longevity. The recently
discovered X-ray line at 3.5 keV [34, 35] may be due to the decay of one of such light dark
matter14. It may be possible to explain the baryon asymmetry from the inflaton decay
into right-handed neutrinos.
Note added: After the submission of our paper, the BICEP2 experiment found the
primordial B-mode polarization [4], which suggests r = 0.20+0.07−0.05. Although we have
focused on the hilltop inflation limit of the multi-natural inflation when we evaluate
the spectral index and the tensor-to-scalar ratio, most of the discussion including the
realization of the multi-natural inflation in supergravity and string-inspired set-up, the
reheating, and leptogenesis is applicable to a more general multi-natural inflation. In
particular, for such a large value of r, the inflaton mass will be of order 1013GeV, leading to
the reheating temperature close to 109GeV (cf. Eq. (72)). Therefore, thermal leptogenesis
will be possible. See also the related papers on the multi-natural inflation [69, 70] that
appeared after BICEP2.
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Appendix A: The tuning for the inflation in the string-inspired model
In this section of the Appendix, we will discuss the tuning of
Bˆ ≈
(
n2
n1
)2
Aˆ (A1)
found in Sec.IIIC. Here, we define the phase of B:
θ ≡ arg[1/B]. (A2)
It should be noted that the phase θ will be given by the VEVs of the dilaton and the
complex structure moduli stabilized by closed string fluxes. In terms of A and B this
relation becomes
B ≈ A
(
n2
n1
)2(
W0
log[1/W0]
)−M
2
(
1
n2
− 1
n1
)
. (A3)
Here we substituted the solutions of moduli VEVs in Eq.(50). For instance, one finds
B ∼ 15A for W0 = 10−4, n1 = 7, n2 = 6 and M = 22. In this case, complex structure
moduli can play a role in 1-loop threshold corrections from the heavy modes, which depend
on the gauge group. On the other hand, for W0 = 10
−4, n1 = 6, n2 = 3 and M = 22,
one finds B ∼ 3.2 × 108A. In the latter case, the heavy moduli such as the dilaton and
complex structure may play an important role in the relevant gauge couplings, e.g.,
4π
g21
∼ T2, 4π
g22
∼ T2 −∆f, (A4)
where ∆f contains heavy moduli [29] and 1 − ∆f/T2 ∼ 1/2. Then one finds that B ∼
e
2pi
3
∆f ∼ e 2pi6 T2 ≫ 1 [68], using the fact that the size of one gaugino condensation is similar
to the other,, Ae−2πT2/6 ∼ B′e−2π(T2−∆f)/3, where B′ = Be−2π∆f/3 = O(1). Note that even
if B is much larger than unity, the heavy moduli/saxion stabilization does not change as
long as (
mφ
mσ
)2
≃ |Bˆ||W0|f 2 . 10
−2. (A5)
A relation M > 2n2 is important to satisfy the above condition.
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Appendix B: Higher order terms in Choi-Jeong models
We write down higher order terms in Φ:
KL ≈ f
2
2
(Φ + Φ†)2 + f 2
k4
4!
(Φ + Φ†)4 + f 2
k6
6!
(Φ + Φ†)6 + · · · , (B1)
WL ≈ W0 + Ce−
pi
n1
(Φ+〈T 〉) −De− pin2 (Φ+〈T 〉), (B2)
VupL ≈ 3m23/2 + f 2m23/2(Φ + Φ†)2 + f 2m23/2ζ(Φ + Φ†)4 + · · · . (B3)
Here, we defined
f 2 ≡ 3
2
√
2
√
tV , k4 ≡
9
√
2t3/2 + 6V
8t2V ∼ f
2 < 1, k6 ≡
15
(
18t3 + 9
√
2t3/2V + 14V2)
32t4V2 ∼ f
4 < 1,
m3/2 = e
K/2W =
W0
V , ζ =
(
7t3/2 +
√
2V)
16
√
2t2V ∼ f
2 < 1, (B4)
where t = T + T †, V ≡ t3/20 − t3/2/
√
2 and ǫˆ ≈ 3W02/V2/3 are used, and it is noted that
t and V are given by the VEVs. The higher order term of Φ in the Ka¨hler potential will
become irrelevant for f . 1, when the uplifting potential is added.
[1] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5082 [astro-ph.CO].
[2] A. H. Guth, Phys. Rev. D 23, 347-356 (1981); A. A. Starobinsky, Phys. Lett. B 91 (1980)
99; K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467-479 (1981).
[3] A. D. Linde, Phys. Lett. B 108 (1982) 389; A. Albrecht and P. J. Steinhardt, Phys. Rev.
Lett. 48, 1220 (1982).
[4] P. A. R. Ade et al. [BICEP2 Collaboration], arXiv:1403.3985 [astro-ph.CO].
[5] A. D. Linde, Phys. Lett. B 129, 177 (1983).
[6] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. Lett. 85, 3572 (2000)
[hep-ph/0004243].
[7] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. D 63, 103514 (2001)
[hep-ph/0011104].
[8] R. Kallosh and A. Linde, JCAP 1011, 011 (2010) [arXiv:1008.3375 [hep-th]].
27
[9] R. Kallosh, A. Linde and T. Rube, Phys. Rev. D 83, 043507 (2011) [arXiv:1011.5945 [hep-
th]].
[10] F. Takahashi, Phys. Lett. B 693, 140 (2010) [arXiv:1006.2801 [hep-ph]].
[11] K. Nakayama and F. Takahashi, JCAP 1011, 009 (2010) [arXiv:1008.2956 [hep-ph]]; JCAP
1102, 010 (2011) [arXiv:1008.4457 [hep-ph]]; JCAP 1011, 039 (2010) [arXiv:1009.3399
[hep-ph]].
[12] K. Harigaya, M. Ibe, K. Schmitz and T. T. Yanagida, Phys. Lett. B 720, 125 (2013)
[arXiv:1211.6241 [hep-ph]].
[13] E. Silverstein, A. Westphal, Phys. Rev. D 78, 106003 (2008) [arXiv:0803.3085 [hep-th]].
[14] L. McAllister, E. Silverstein, A. Westphal, Phys. Rev. D 82, 046003 (2010) [arXiv:0808.0706
[hep-th]].
[15] N. Kaloper and L. Sorbo, Phys. Rev. Lett. 102, 121301 (2009) [arXiv:0811.1989 [hep-th]];
N. Kaloper, A. Lawrence and L. Sorbo, JCAP 1103, 023 (2011) [arXiv:1101.0026 [hep-th]].
[16] D. Croon, J. Ellis and N. E. Mavromatos, Physics Letters B 724, , 165 (2013)
[arXiv:1303.6253 [astro-ph.CO]].
[17] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B725, 111 (2013)
[arXiv:1303.7315 [hep-ph]]; JCAP 1308, 038 (2013) [arXiv:1305.5099 [hep-ph]];
K. Nakayama, F. Takahashi and T. T. Yanagida, arXiv:1311.4253 [hep-ph], to appear in
Physics Letters B.
[18] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. Lett. 111, 111301 (2013)
[arXiv:1305.1247 [hep-th]]. arXiv:1307.3537 [hep-th].
[19] R. Kallosh and A. Linde, JCAP 1306, 027 (2013) [arXiv:1306.3211 [hep-th]]; JCAP 1306,
028 (2013) [arXiv:1306.3214 [hep-th]].
[20] K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. Lett. 65, 3233 (1990).
[21] F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. D 47, 46
(1993) [arXiv:9207245 [hep-ph]].
[22] J. E. Kim, H. P. Nilles and M. Peloso, JCAP 0501, 005 (2005) [hep-ph/0409138].
[23] S. Mohanty and A. Nautiyal, Phys. Rev. D 78, 123515 (2008) [arXiv:0807.0317 [hep-ph]];
28
[24] Phys. Rev. Lett. 106, 161302 (2011) [arXiv:1012.0853 [hep-ph]].
[25] D. E. Kaplan and N. J. Weiner, JCAP 0402, 005 (2004) [hep-ph/0302014]; N. Arkani-
Hamed, H. -C. Cheng, P. Creminelli and L. Randall, JCAP 0307, 003 (2003)
[hep-th/0302034].
[26] S. Dimopoulos, S. Kachru, J. McGreevy and J. G. Wacker, JCAP 0808, 003 (2008)
[hep-th/0507205].
[27] J. J. Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh,
A. D. Linde and F. Quevedo, JHEP 0411, 063 (2004) [hep-th/0406230]; JHEP 0609, 002
(2006) [hep-th/0603129].
[28] M. Czerny and F. Takahashi, arXiv:1401.5212 [hep-ph].
[29] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, Phys. Rept. 445, 1 (2007)
[hep-th/0610327].
[30] P. Svrcek and E. Witten, JHEP 0606, 051 (2006) [hep-th/0605206].
[31] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-Russell, Phys. Rev.
D 81, 123530 (2010) [arXiv:0905.4720 [hep-th]].
[32] T. Banks, M. Dine and N. Seiberg, Phys. Lett. B 273, 105 (1991) [hep-th/9109040].
[33] T. Higaki, K. S. Jeong and F. Takahashi, arXiv:1402.6965 [hep-ph].
[34] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Randall,
arXiv:1402.2301 [astro-ph.CO].
[35] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi and J. Franse, arXiv:1402.4119 [astro-ph.CO].
[36] R. Kitano, Phys. Lett. B 641, 203 (2006) [hep-ph/0607090].
[37] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003)
[hep-th/0301240].
[38] K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, Nucl. Phys. B 718, 113 (2005)
[hep-th/0503216].
[39] O. Lebedev, H. P. Nilles and M. Ratz, Phys. Lett. B 636, 126 (2006) [hep-th/0603047].
[40] E. Dudas, C. Papineau and S. Pokorski, JHEP 0702, 028 (2007) [hep-th/0610297]; H. Abe,
T. Higaki, T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019 (2007) [hep-th/0611024];
29
R. Kallosh and A. D. Linde, JHEP 0702, 002 (2007) [hep-th/0611183].
[41] J. P. Conlon, JHEP 0605, 078 (2006) [hep-th/0602233];
[42] K. Choi and K. S. Jeong, JHEP 0701, 103 (2007) [hep-th/0611279];
[43] T. Higaki and T. Kobayashi, Phys. Rev. D 84, 045021 (2011) [arXiv:1106.1293 [hep-th]];
[44] K. Kumekawa, T. Moroi and T. Yanagida, Prog. Theor. Phys. 92, 437 (1994)
[hep-ph/9405337].
[45] K. -I. Izawa and T. Yanagida, Phys. Lett. B 393, 331 (1997) [hep-ph/9608359].
[46] K. Nakayama and F. Takahashi, JCAP 1110, 033 (2011) [arXiv:1108.0070 [hep-ph]]; JCAP
1205, 035 (2012) [arXiv:1203.0323 [hep-ph]].
[47] M. Bose, M. Dine, A. Monteux and L. S. Haskins, JCAP 1401, 038 (2014) [arXiv:1310.2609
[hep-ph]].
[48] F. Takahashi, Phys. Lett. B 727, 21 (2013) [arXiv:1308.4212 [hep-ph]].
[49] K. Harigaya, M. Ibe and T. T. Yanagida, arXiv:1311.1898 [hep-ph].
[50] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, JHEP 0503, 007
(2005) [hep-th/0502058]; J. P. Conlon, F. Quevedo and K. Suruliz, JHEP 0508, 007
(2005) [hep-th/0505076]; R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and
F. Quevedo, JHEP 0909, 007 (2009) [arXiv:0906.3297 [hep-th]].
[51] M. Cicoli, K. Dutta and A. Maharana, arXiv:1401.2579 [hep-th].
[52] M. Grana, Phys. Rept. 423, 91 (2006) [hep-th/0509003]; M. R. Douglas and S. Kachru,
Rev. Mod. Phys. 79, 733 (2007) [hep-th/0610102].
[53] A. Giryavets, S. Kachru, P. K. Tripathy and S. P. Trivedi, JHEP 0404, 003 (2004)
[hep-th/0312104].
[54] R. Kallosh and A. D. Linde, JHEP 0412, 004 (2004) [hep-th/0411011].
[55] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).
[56] T. Higaki, K. Nakayama and F. Takahashi, JHEP 1307, 005 (2013) [arXiv:1304.7987 [hep-
ph]].
[57] K. Ishiwata, K. S. Jeong and F. Takahashi, JHEP 1402, 062 (2014) [arXiv:1312.0954 [hep-
ph]].
30
[58] G. Lazarides and Q. Shafi, Phys. Lett. B 258, 305 (1991).
[59] T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464, 12 (1999)
[hep-ph/9906366]; T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Rev. D
61, 083512 (2000) [hep-ph/9907559].
[60] R. Blumenhagen, M. Cvetic and T. Weigand, Nucl. Phys. B 771, 113 (2007)
[hep-th/0609191].
[61] L. E. Ibanez and A. M. Uranga, JHEP 0703, 052 (2007) [hep-th/0609213].
[62] R. Blumenhagen, M. Cvetic, S. Kachru and T. Weigand, Ann. Rev. Nucl. Part. Sci. 59,
269 (2009) [arXiv:0902.3251 [hep-th]].
[63] G. F. Giudice and A. Strumia, Nucl. Phys. B 858, 63 (2012) [arXiv:1108.6077 [hep-ph]].
[64] A. Hebecker, A. K. Knochel and T. Weigand, JHEP 1206, 093 (2012) [arXiv:1204.2551
[hep-th]].
[65] L. E. Ibanez, F. Marchesano, D. Regalado and I. Valenzuela, JHEP 1207, 195 (2012)
[arXiv:1206.2655 [hep-ph]].
[66] A. Hebecker, A. K. Knochel and T. Weigand, Nucl. Phys. B 874, 1 (2013) [arXiv:1304.2767
[hep-th]].
[67] H. Ishida, K. S. Jeong and F. Takahashi, arXiv:1402.5837 [hep-ph].
[68] H. Abe, T. Higaki and T. Kobayashi, Phys. Rev. D 73, 046005 (2006) [hep-th/0511160].
[69] M. Czerny, T. Higaki and F. Takahashi, arXiv:1403.5883 [hep-ph].
[70] M. Czerny, T. Kobayashi and F. Takahashi, arXiv:1403.4589 [astro-ph.CO].
31
